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South African EEZ 
A B S T R A C T   
The world’s oceans are subject to the multiple impacts of human activity and to the consequent threats to the 
health of many and varied ocean ecosystems. Oceans around South Africa are no exception and, with the need for 
economic growth in the country, anthropogenic stressors on ocean resources are rapidly increasing. In this study, 
we investigated 14 different anthropogenic stressors that impacted ocean health between 2003 and 2013, and 
their cumulative anthropogenic effects on cetaceans in the South African Exclusive Economic Zone (EEZ) and 
South African Marine Protected Areas (MPA), Important Marine Mammal Areas (IMMA), Ecologically or Bio-
logically Significant Areas (EBSA) and ecoregions. We determined cetacean species richness in these five area 
categories using ensemble models, and identified anthropogenic impacts from relevant literature. We calculated 
and compared the average species richness, the average trend for each anthropogenic stressor and average cu-
mulative impact between 2003 and 2013 in the five areas. Results highlight that climate related stressors (such as 
sea surface temperature and ocean acidification), together with shipping stressors, are increasing more rapidly 
than other stressors across the EEZ. Cetacean species richness was highest along the west coast shelf and shelf 
edge where sea level rise, ocean acidification, shipping, and commercial pelagic fishing with low by-catch were 
most pronounced. The results of this study will inform marine spatial planners and policy makers in determining 
priority areas for cetacean conservation and in identifying anthropogenic stressors that need to be addressed to 
mitigate cumulative anthropogenic impacts on cetaceans.   
1. Introduction 
Globally, oceans are facing increasing pressures from anthropogenic 
activities (Díaz et al., 2019; Halpern et al., 2019). Some of these pres-
sures include fishing, climate change, shipping and land-sourced 
pollution (Halpern et al., 2019). Individually and cumulatively, these 
pressures can contribute to a decline in ecosystem functioning, habitat 
change, a reduction of habitat availability, a loss of species diversity and 
a consequent loss of ecosystem services (Halpern et al., 2019). To alle-
viate biodiversity loss, there has been sustained pressure by the 
Convention on Biological Diversity (CBD) on countries with coastlines to 
increase the number and size of MPAs to a minimum of 10% of the 
world’s EEZs by 2020 (CBD, 2010). This was reinforced by the CBD’s 
decision X/2 which developed 20 Aichi targets aimed to reduce biodi-
versity loss (Pereira et al., 2013; Thomas et al., 2014; Roberts et al., 
2018), with Aichi target number 11 specifically aimed at increasing the 
coverage of marine protected areas (Thomas et al., 2014). An MPA is 
defined as an area that has been designed to protect some, if not all, of a 
marine ecosystem (Sala and Giakoumi, 2018) and aid in mitigating 
human impacts by promoting sustainable activities to preserve biodi-
versity (Zupan et al., 2018). 
Countries designing and proclaiming MPAs within their EEZs need to 
consider the ocean’s dynamic, boundary-less three dimensional envi-
ronment that provides habitats to both highly mobile and migratory 
species (Hyrenbach et al., 2000; Hoyt, 2012a; Roberts et al., 2018). 
These ocean characteristics enable the transfer of anthropogenic 
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impacts, which means that the impact drivers may be temporo-spatially 
removed from the impact site (Halpern et al., 2008), making the pro-
tection of ecosystems, habitats and species through MPAs difficult 
(Hyrenbach et al., 2000; Halpern et al., 2015). Shortcomings of MPA 
designs have been highlighted by Agardy et al. (2011) who indicated 
that size, design and management effectiveness are important factors to 
consider in their establishment. MPAs have been shown to be compro-
mised by anthropogenic activities outside their boundaries (Agardy 
et al., 2011), while others have been impacted by displacement pressure 
from activities like commercial fishing (Hilborn, 2017). Ocean protected 
areas furthermore differ in the scope of their protection, which ranges 
from no-take zones to partial protection. No-take zones are fully pro-
tected while controlled zones are partially protected, where resource 
extraction may be regulated (Sala and Giakoumi, 2018). As no-take 
zones are more resilient and, therefore, more capable of quickly 
restoring ecosystems to a healthy state, they are more effective (Sala and 
Giakoumi, 2018). The biggest concern over MPA design is that, tradi-
tionally, countries create them in isolation to address a specific 
anthropogenic activity (e.g. fishing), neglecting ecosystem connectivity 
(Hoyt, 2012a; Halpern et al., 2015) that includes trophic interactions, 
physical transport, physical oceanography and the life histories of target 
species (Hoyt, 2012a). Connectivity could be introduced by ensuring 
links between areas for life stages such as spawning areas and nurseries 
or links between feeding and breeding areas for migratory species (Hoyt, 
2012a). 
To ensure ecosystem connectivity, MPAs should be designed using an 
ecosystem based management (EBM) approach that balances ecosystem 
health and human wellbeing through trade-offs in order to balance the 
multiple and often competing goals with ecosystem health (Halpern 
et al., 2010). However, a network of carefully designed MPAs to attain 
EBM goals is only part of the solution to protecting the marine envi-
ronment (Halpern et al., 2010). The delineation of sensitive areas such 
as EBSAs and IMMAs may help identify new areas where MPAs can be 
implemented (Johnson et al., 2019). 
The EBSA process is driven by the CBD and aims to identify areas 
within the ocean that provide critical habitats such as feeding and 
breeding grounds for certain species, with more than 300 EBSAs being 
identified so far (Johnson et al., 2019). Alternatively, IMMAs are areas 
that provide important habitat requirements for marine mammals. They 
are identified by expert workshops coordinated by the International 
Union for Conservation of Nature (IUCN) Marine Mammal Protected 
Areas Task Force which can be defined and managed to preserve 
particular species (Corrigan et al., 2014). As top predators, marine 
mammals are often umbrella and indicator species (Correia et al., 2015) 
that occupy a wide variety of niches, making them difficult to study and 
protect (Hoyt, 2012a). 
In South Africa, three IMMAs have been identified: the Cape Coastal 
Waters IMMA, Southern Coastal and Shelf Waters IMMA and the 
Southeast African Coastal Migration Corridor IMMA (IUCN-MMPATF, 
2020). In August 2019, with the addition of the new MPA network, MPA 
protection in the mainland EEZ increased from 0.4% to 5% of the total 
EEZ (RSA, 2019). Those additional MPAs have been shown to increase 
the protected modelled habitats of nine odontocete species in South 
African waters (Purdon et al., 2020). If an EBM is to be implemented, an 
understanding of how the cumulative and individual anthropogenic 
pressures affect cetaceans, their habitats and associated protected areas, 
is required. In this study, we aim to determine areas where cetacean 
species richness is high in the South African EEZ. We then explore the 
extent to which individual stressors and cumulative anthropogenic im-
pacts affect the EEZ, MPAs, EBSAs and IMMAs and how these have the 
potential to impact cetacean species richness in each of these areas. In 
doing so, we aim to identify areas that provide adequate protection, and 
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2. Methods 
2.1. Study area 
The study area of focus comprises the South African mainland EEZ 
with a specific interest in the MPAs, EBSAs, IMMAs and ecoregions 
(Fig. 1). The areas of protection within the South African EEZ around the 
Prince Edward Islands were not considered in this study because of the 
limited occurrence or absence of most cetacean species (Best, 2007) 
studied here, killer whales being an exception (Reisinger et al., 2011). 
2.2. Species richness 
Species richness in the South African mainland EEZ was determined 
using the BIOMOD2 package (Thuiller et al., 2009) in R (R Core Team, 
2020) through the following steps. 
Fig. 1. Study Area indicating IMMAs, ecoregions, MPAs and EBSAs in the South African mainland EEZ. Base maps layer from GEBCO (2019).  
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2.2.1. Environmental variables 
Nine environmental variables were chosen to determine species 
distribution (Supplementary Fig. S1) based on their known or potential 
associations with cetaceans (Waggitt et al., 2020; Purdon et al., 2020). 
These included five oceanographic variables (sea surface temperature 
(SST), chlorophyll-a (chl-a), salinity, eastwards and northwards sea 
velocity); three topographic variables (bathymetry, slope and distance 
to shore); and bioregions (as defined by South African National Biodi-
versity Institute (SANBI, 2004)). Table 1 indicates where these variables 
originated, and the specific details used to model the distribution of each 
species. Data for the oceanographic variables did not, however, cover 
the entire period that cetaceans were recorded. Following Purdon et al. 
(2020), monthly data of each oceanographic variable were used to 
provide yearly averages (Table 2). All oceanographic layers were aver-
aged at their original native resolution and projected in ArcMap (ESRI, 
2011). In order to use bioregions in the species distribution modelling 
process, the polygon layer was rasterised in ArcMap as similarly per-
formed by Purdon et al. (2020). ArcMap then was used to ensure that all 
layers had the same spatial resolution using a nearest neighbour inter-
polation within the data management tool (0.083◦, ~8 km). All layers 
were then projected to a standard World Geodetic System 1984 
(WGS84), European Petroleum Survey Group (EPSG 4326) and clipped 
to the same extent (ymax = − 26.8, ymin = − 38.2, xmin = 13.3, xmax =
36.6). Pearson’s correlation in R was used to determine if there was any 
multi-collinearity between the environmental variables. If scores be-
tween two variables were above 0.7 or less than − 0.7, the variable that 
best reflected that species ecological niche based on previous studies 
was retained. 
2.2.2. Species data 
Data on 19 species or groups of species (Table 2, Supplementary 
Fig. S2) were collated from four data sources; the Whale Unit of the 
Mammal Research Institute at the University of Pretoria, citizen science 
data collected and collated by the Dolphin Action and Protection Group, 
marine mammal observer data from the Petroleum Agency of South 
Africa and the Ocean Biogeographic Information System (OBIS-SEA-
MAP; Halpin et al. (2009)). To ensure differentiation between the 
common bottlenose dolphin (T. truncatus) and the Indo-Pacific bot-
tlenose dolphin (T. aduncus), individuals that were located more than 30 
km offshore were considered to be the offshore common bottlenose 
dolphin species. Those that were less than 30 km from shore were 
considered to be the Indo-Pacific bottlenose dolphin (Waggitt et al., 
2020). Discrimination between closely related species, the long-finned 
(G. melas) and short-finned pilot whales (G. macrorhynchus), the two 
different forms of Bryde’s whales (Penry et al., 2018), and the dwarf 
(B. acutorostrata) and Antarctic minke whales (B. bonaerensis) can be 
problematic at sea (Best, 2007). For this study, we combined records of 
minke whales, records of Bryde’s whales and records of pilot whales to 
determine species richness. 
2.2.3. Species distribution modelling and species richness 
To create a final ensemble model for each of the 19 species or groups 
of species (Table 2), six different algorithms were used. The algorithms 
included two regression algorithms (multivariate adaptive regression 
splines (MARS; Friedman (1991)) and a generalised boosting model 
(GBM; Elith et al., 2008); two classification algorithms (classification 
tree analysis (CTA; De’ath & Fabricius (2000)), and flexible discriminant 
analysis (FDA; Hastie et al. (1994)); one machine learning algorithm, 
random forest (RF; Cutler et al. (2007)); and one environmental niche 
algorithm, surface range envelope (SRE; Thuiller et al. (2005)). 
In this study, pseudo-absence data were used as species data 
comprised both presence only (OBIS-SEAMAP and the citizen science 
data) and presence-absence data (some of the MRI Whale Unit data and 
data obtained from the Petroleum Agency of South Africa). Pseudo- 
absence data were determined using the two-step method, where ab-
sences were extracted randomly within an environmental envelope. 
Some studies have shown that this method of pseudo-absence selection 
increases accuracy (Chefaoui and Lobo, 2008; Warton and Shepherd, 
2010). The number of pseudo-absences selected depended on the 
number of presence points (Table 1). For each species, ten 
Table 2 
Species and species groups used to determine species richness, final model parameters used and the final ensemble model TSS scores for each species modelled in the 
South African EEZ. Pseudo-absences all equalled the number of presence points for each species unless (x10) is used, which indicates that pseudo-absences were 
multiplied by 10 to get the number of pseudo-absences.  
Common name Scientific name Number of pseudo-absence 
points 
Environmental variables used in the modelling process Ensemble model TSS 
score 
Bryde’s whale Balaenoptera brydei 409 bioregions, bathymetry, chlorophyll-a, sst, slope, salinity 0.951 
Common dolphin Delphinus delphis 882 bathymetry, chlorophyll-a, sst, slope, salinity 0.944 
Dusky dolphin Lagenorhynchus obscurus 740 bioregions, bathymetry, chlorophyll-a, sst, uo, slope, salinity, 
vo 
0.983 
False killer whale Pseudorca crassidens 320 (x10) bioregions, bathymetry, slope 0.992 





Sousa plumbea 250 (x10) Bathymetry, distance to shore, sst 0.994 
Humpback whale Megaptera novaeangliae 210 Bathymetry, sst, up, slope, salinity 0.923 
Heaviside’s dolphin Cephalorhynchus 
heavisidii 
715 Bioregions, bathymetry, chlorophyll-a, sst, uo, slope, salinity 0.994 
Killer whale Orcinus orca 139 Bathymetry, chlorophyll-a, sst, uo, slope, salinity 0.934 
Minke whale B. bonaerensis/ 
acutorostrata 
192 Bathymetry, distance to shore, sst, uo, slope 0.927 
Pilot whale Globicephala sp. 610 (x10) Bioregions, bathymetry, chlorophyll-a, distance to shore, sst, 
slope 
0.937 
Risso’s dolphin Grampus griseus 157 Bathymetry, chlorophyll-a, sst, uo, slope 0.943 
Southern bottlenose whale Hyperoodon planifrons 161 Bioregions, bathymetry, chlorophyll-a, distance to shore, 
slope 
0.924 
Striped dolphin Stenella coeruleoalba 350 (x10) Bioregions, bathymetry, sst, uo, slope, salinity 0.971 
Sperm whale Physeter macrocephalus 1054 Bathymetry, chlorophyll-a, distance to shore, sst, slope 0.912 
Southern right whale Eubalaena australis 711 Bathymetry, chlorophyll-a, sst, uo, slope, salinity, vo 0.937 
Sei whale B. borealis 282 Bathymetry, chlorophyll-a, sst, uo, slope, salinity 0.935 
Common bottlenose 
dolphin 





T. aduncus 528 Bioregions, bathymetry, chlorophyll-a, distance to shore, uo, 
slope, salinity 
0.977  
J. Purdon et al.                                                                                                                                                                                                                                  
Ocean and Coastal Management 197 (2020) 105292
5
pseudo-absence data sets were sub-sampled for input into the ensemble 
model. 
To determine the validity of the algorithms and ensemble models, a 
ten-fold cross-validation was implemented, splitting the data, 80% for 
training and 20% for testing. Using Pearson’s correlation, the ensemble 
models identified the most influential environmental variables with 
those close to one having a higher influence on the model. In order to 
evaluate ensemble models and individual algorithms, the true skill sta-
tistic (TSS) score was used (Allouche et al., 2006) because it is inde-
pendent of occurrence and can evaluate presence-absence selection 
(Bucklin et al., 2015). Although TSS scores higher than 0.5 indicated 
that the algorithms and ensemble models performed better than 
random, only algorithms that produced TSS scores higher than 0.7 were 
chosen to create the final ensemble models. 
The species richness maps were created by summing up all the binary 
files produced in ensemble models for each species or group of species. 
This was done in ArcMap using the raster calculator tool. 
2.3. Anthropogenic stressors 
Data from Halpern et al. (2019) were used to determine individual 
anthropogenic stressors and cumulative anthropogenic impacts on 
cetacean species richness, MPAs, EBSAs, IMMAs, ecoregions and across 
the mainland EEZ of South Africa. Raster layers, which included 14 
anthropogenic stressor trends (Supplementary Fig. S3) and cumulative 
impact trends (Supplementary Fig. S4) between 2003 and 2013, were 
downloaded from https://ohi-science.org/data/. The cumulative impact 
trends quantify the effect of all 14 stressors on the ocean. Details on how 
each of these layers was constructed can be found in the supplementary 
material of Halpern et al. (2019). Anthropogenic stressors were divided 
into the four stressor groups of Halpern et al. (2019): fishing (consisted 
of commercial demersal: destructive; commercial demersal: 
non-destructive with high fish by-catch; commercial demersal: 
non-destructive with low fish by-catch; pelagic: high fish by-catch; 
pelagic: low fish by-catch and artisanal); climate change (comprising 
SST; ocean acidification; sea level rise); ocean (comprising shipping); 
and land-based pollution (comprising nutrient pollution; organic 
chemical pollution; direct human influence; light pollution). Maps of 
anthropogenic stressor trends in the South African EEZ are shown in 
Supplementary Fig. S3. 
Each of these layers used the WGS84 Mollweide projection at a 
resolution of approximately 1 km × 1 km. These layers were clipped to 
the study extent (Fig. 1) using the extract by mask tool in ArcMap. To 
ensure that the data was uniform in its spatial representation for South 
Africa, layers were re-projected using the project raster tool in ArcMap 
to a custom Albers equal area projection. 
To determine the impact that stressors had on MPAs, EBSAs, IMMAs 
and ecoregions in the South African EEZ, polygon layers were down-
loaded from various sources. MPAs were collated from SANBI (2011), 
the government gazette notice on the recently approved MPAs (RSA, 
2019) and the EGIS website (https://egis.environment.gov.za/). EBSAs 
were constructed using the Nelson Mandela University EBSA portal 
(https://cmr.mandela.ac.za/EBSA-Portal/South-Africa). IMMAs were 
obtained from the IUCN-Marine Mammal Protected Areas Task Force 
(IUCN-MMPATF, 2020). Ecoregions were downloaded from SANBI 
(2018). These polygon layers, including the South African EEZ, were 
converted to raster layers using the polygon to raster tool in ArcMap. 
The projection and resolution of these layers and the species richness 
layer were transformed to a custom Albers equal area projection and a 1 
km by 1 km resolution to match the stressor raster layers. 
The zonal statistic tool in ArcMap was used to determine percentage 
area of the South African EEZ covered by MPA no-take zones (restricted 
areas), MPA all other zones, EBSAs, and IMMAs. To calculate the per-
centage area of MPAs, MPA zones, EBSAs and IMMAs in the EEZ, the 
Fig. 2. Species distribution of the 19 cetacean species and groups used to determine species richness in the South African EEZ. The colour scale represents the 
likelihood of occurrence, with red indicating a high likelihood and blue a low likelihood. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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pixel counts for each layer relative to the total pixel count within the EEZ 
was used. Here, the number of pixels (each 1 km2) within each layer also 
represent the area in km2. Zonal statistics were used to determine the 
average cetacean species richness in each of the 41 MPAs, MPA zones, 
EBSAs, IMMAs, ecoregions and the EEZ. We evaluated each stressor, 
analysing the trends and the cumulative impact using zonal statistics, to 
see how it affected each MPA, MPA zone, EBSA, IMMA, ecoregion and 
the whole EEZ. From these results, we compared how each stressor 
would affect cetacean species richness in each of the MPAs, the MPA 
zones, EBSAs, IMMAs, ecoregions and the EEZ overall. 
3. Results 
3.1. Species distribution modelling 
Ensemble models for all 19 species had TSS scores higher than 0.8, 
Fig. 3. The coefficient of variance for the 19 cetacean species and groups modelled. The colour scale indicates the agreement of the models with predictions. Blue is 
in agreement and red is not in agreement. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
Fig. 4. Cetacean species richness in the South African EEZ modelled from 19 different cetacean species and groups.  
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indicating that the models performed better than random (Table 2). The 
distribution of the majority of species is similar to that in the literature 
(Fig. 2) (Findlay et al., 1992; Best, 2007) with the coefficient of variance 
relatively low for each species (<0.5) indicating that models agree with 
the predictions (Fig. 3). There was a number of departures of the 
modelled species distribution from the literature. These included the 
modelled Indo-Pacific bottlenose dolphin and modelled Indo-Pacific 
humpback dolphin (Fig. 3) where predicted occurrences on the west 
coast of South Africa are seldom recorded. Such departures could be due 
to the scarcity of records in our models, as observed by Purdon et al. 
(2020). A detailed summary of species distribution modelling, the best 
performing algorithms and environmental variables that influenced 
each species predicted habitat can be found in the Supplementary Ma-
terial (Supplementary Figs. S5 and S6; Supplementary Table S1). 
3.2. Anthropogenic stressors and species richness 
We found that MPA no-take zones protect 3% of the South African 
mainland EEZ; the other 2% of the EEZ that is under MPA designation 
are controlled zones that regulate other activities only. EBSAs make up 
16% of the EEZ and the IMMAs a total of 12.5% of the EEZ. Species 
richness, the trends of the 14 anthropogenic stressors and the trends of 
the cumulative impacts varied among the MPAs, EBSAs, IMMAs and 
ecoregions. Overall, cetacean species richness was predicted to be higher 
closer to the coast and on the shelf edge in the South African EEZ (Fig. 4). 
The inshore to shelf edge of the west and south coasts were predicted to 
have a higher species richness than the east coast (Fig. 4). 
3.2.1. MPAs 
Cetacean species richness within the MPAs was highest in the Marcus 
Island MPA (an average of 16 species), closely followed by the Jutten 
Fig. 5. Cetacean species richness in each MPA, MPA zone, EBSA, IMMA, ecoregion and the South African EEZ.  
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Fig. 6. Trends for individual anthropogenic stressors between 2003 and 2013 in each MPA, MPA zone, EBSA, IMMA ecoregion and the EEZ. Positive values indicate 
that the individual anthropogenic trend is increasing, while negative values indicate that the individual anthropogenic trend is decreasing. 
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Island MPA (an average of 15 species) (Fig. 5a). The more offshore MPAs 
such as the Agulhas Front and the Southeast Atlantic Seamounts had a 
very low species richness with an average of less than one species per 
MPA (Fig. 5a). The individual stressor trends for each MPA varied ac-
cording to MPA and the individual stressor. The stressors SST in the 
Namaqua Fossil Forest, iSimangaliso, Agulhas Front, Rocherpan, Protea 
Banks and Trafalgar MPAs, sea level rise in the Amathole MPA, and 
shipping in the Agulhas Muds MPA increased faster than other stressors 
(Fig. 6a). The SST stressor trend was recorded as decreasing the most in 
the Agulhas Muds followed by Browns Bank Corals, Agulhas Bank 
Complex and the Dwesa-Cwebe MPA (Fig. 6a). The MPAs that had the 
highest increase in cumulative anthropogenic trends were the Namaqua 
Fossil Forest MPA, followed by Isimangaliso MPA and then the 
Rocherpan MPA. Cumulative stressors decreased in nine MPAs, with the 
largest decrease in the Browns Bank Corals MPA (Fig. 7a). 
3.2.2. EBSAs 
Cetacean species richness was highest in the Cape Point to Agulhas 
EBSA, Cape Canyon EBSA, Tsitsikamma EBSA and the Namaqua EBSA 
with an average of 10 species (Fig. 5b). The EBSAs with the lowest 
species richness were those located far offshore, like the Protea 
Seamount Cluster and Mallory Escarpment and Trough EBSA (average of 
fewer than three species) or were located along the east coast close to 
Mozambique, like the Delagoa Shelf Edge, Canyons and Slope (average 
of three species) (Fig. 5b). Individual anthropogenic trends, SST, ship-
ping and ocean acidification increased the most between 2003 and 2013 
in some EBSAs (Fig. 6b). Some EBSAs, mainly those located along the 
west and east coasts, showed a slight decrease in SST impacts (Fig. 6b). 
Cumulative anthropogenic impact trends showed an increase in the 
Namaqua Fossil Forest which increased faster than any other EBSA, 
followed by the Delagoa Shelf Edge, Canyons and Slope EBSA, and the 
Fig. 7. Cumulative impact trends for the 14 anthropogenic stressors combined between 2003 and 2013 in each MPA, MPA zone, EBSA, IMMA ecoregion and the EEZ. 
Positive values indicate that the cumulative anthropogenic impact trend increased between 2003 and 2013, while negative values indicated that the cumulative 
anthropogenic impact trend decreased between 2003 and 2013. 
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Namaqua Coastal Area EBSA (Fig. 7b). There were five EBSAs where the 
cumulative anthropogenic impact trend showed a decrease in impacts, 
with Brown Banks decreasing the most (Fig. 7b). 
3.2.3. MPA by zones 
Cetacean species richness was highest in the sanctuary and 
controlled zones with an average of nine species per zone (Fig. 5c). The 
two other no-take zones, the restricted and wilderness MPA zones, had 
an average of five and three species, respectively (Fig. 5c). The three 
controlled zones ranged between averages of three and five species 
(Fig. 5c). The stressor trends that increased the most between 2003 and 
2013 in the no-takes zones (wilderness, sanctuaries and restricted areas) 
were commercial fishing pelagic low by-catch, SST and shipping 
(Fig. 6c). In the controlled zones, the stressor trends varied depending on 
which controlled zone it was (Fig. 6c). The cumulative trends (Fig. 7c) 
indicate that only the sanctuary zone and controlled large pelagic zone 
had a decrease of anthropogenic impacts. All the other zones showed an 
increase in cumulative anthropogenic impacts with the wilderness areas 
increasing the fastest (Fig. 7c). 
3.2.4. Ecoregions 
The southern Benguela ecoregion had the highest cetacean species 
richness with an average of 10 species in the ecoregion (Fig. 5d). The 
Agulhas and Natal ecoregions had an average of eight cetacean species. 
The Delagoa ecoregion had an average of five cetacean species; the 
southeast Atlantic deep ocean ecoregion had an average of four cetacean 
species; and the Southwest Indian Deep Ocean had an average of three 
cetacean species (Fig. 5d). SST, shipping, sea level rise and ocean acid-
ification were the anthropogenic stressor trends that increased more 
than any other stressors in the ecoregions. In some ecoregions, SST, 
commercial fishing: demersal destructive and organic chemical pollu-
tion stressor trends decreased (Fig. 6d). All ecoregions’ cumulative 
trends increased except for the Southeast Atlantic Deep Ocean ecor-
egion, where impacts decreased slightly between 2003 and 2013 
(Fig. 7d). 
3.2.5. IMMAs 
The IMMA with the highest average cetacean species richness was 
the Cape Coastal Waters with an average of nearly 12 species. This was 
followed by the Southeast African Coastal Migration Corridor with an 
average of nine species and then the Southern Coastal and Shelf Waters 
of South Africa with an average of eight (Fig. 5e). Shipping, sea level rise 
and ocean acidification were the individual anthropogenic trends that 
increased the most in the IMMAs (Fig. 6e). SST and commercial fishing 
demersal destructive trends decreased in some of the IMMAs (Fig. 6e). 
Overall, the cumulative trends indicated that anthropogenic impacts 
increased in all three IMMAs, with the highest increase occurring in the 
Southeast African Coastal Migration Corridor (Fig. 7e). 
3.2.6. EEZ 
The entire EEZ had an average cetacean species richness of four 
species (Fig. 5f). The trend between 2003 and 2013 indicated that, in the 
South African EEZ, the shipping stressor had increased the most. This 
was followed by ocean acidification and then a rise in SST. There was a 
slight decline over time for the stressors commercial fishing: demersal 
destructive; commercial fishing: non-destructive with low fish by-catch; 
organic chemical pollution; and commercial fishing: pelagic high by- 
catch in the EEZ (Fig. 6f). Overall, cumulative anthropogenic impacts 
show that in the South African EEZ, human impacts were increasing 
between 2003 and 2013 (Fig. 7f). 
4. Discussion 
Our results indicate that the ensemble models that were used to 
create the species distribution maps performed well with TSS scores over 
0.8. The species richness map (Fig. 4) that was created from these 
ensemble models highlights that in South Africa, species richness was 
highest around the west coast and the shelf edge. Cetaceans in these 
areas are at increasing risk from anthropogenic stressors, in particular 
climate change and shipping. Díaz et al. (2019) and Halpern et al. (2019) 
showed there are no areas of the world’s oceans that have not been 
impacted by anthropogenic activities. South Africa is no exception, and 
Halpern et al. (2019) show that anthropogenic impact trends in 2013 
increased within three nautical miles of South Africa’s coastline. How-
ever, this increase is still relatively low as South Africa had a cumulative 
impact trend score that was lower than 161 other countries (of a total of 
220 coastal countries). Operation Phakisa, an initiative of the South 
African Government to unlock the ocean’s economic potential (van 
Wyk, 2015; Findlay, 2018), is likely to place more pressure on ocean 
resource use resulting in an increase of anthropogenic stressors in the 
South African mainland EEZ. To maintain a blue economy that would 
include the sustainable use of ocean resources with the ability of the 
ocean’s ecosystem to continue to be resilient and healthy in the 
long-term (Findlay, 2018), South Africa increased the number and area 
of MPAs (Sink, 2016, Findlay, 2020). Even though these MPAs were 
created years after the impact and trend data were collected, the results 
from this study indicate not only which MPAs, but also which EBSAs, 
IMMAs, and ecoregions are likely to be affected by the 14 anthropogenic 
stressors and their cumulative effects. 
4.1. Species richness 
There is some controversy over the effectiveness of MPAs, especially 
the no-take zones, as to their ability to allow ecosystems to recover or 
whether they just displace resource extraction activities to elsewhere in 
the ocean (Sink, 2016; Hilborn, 2017; Sala and Giakoumi, 2018). South 
Africa’s no-take zones indicate a high cetacean species richness in the 
sanctuary zones. The controlled zones, however, also have a high ceta-
cean species richness, although this could be related to the positioning of 
these MPA zones. The majority of these MPAs are located along the west 
and south coasts, where productivity is high. Furthermore, the 
temporo-spatial shifts in the distribution of prey of some of the cetacean 
species could affect cetacean species richness; for example, sardines 
have been observed to shift their distribution from the west coast to the 
south coast and vice versa depending environmental conditions inter alia 
(Coetzee et al., 2008). The east coast, which has more wilderness 
no-take zones, has a lower species richness that could be the result of the 
less productive warm Agulhas current (Griffiths et al., 2010). 
There was a similar trend for the individual MPAs, EBSAs and IMMAs 
to the MPA zones with those along the west and south coast supporting a 
higher species richness than those along the east coast. For ecoregions, 
this was not the case, possibly relating to the size of the ecoregions. The 
largest ecoregion, the Southwest Indian Deep Ocean, even though 
offshore along the east coast had the highest species richness, followed 
by the smaller Southern Benguela ecoregion located on the more pro-
ductive west coast (Shannon, 2009). The further offshore regions such as 
the Southeast Atlantic Seamount MPA, Southwest Indian Seamount 
MPA, the Agulhas Front MPA, Protea Seamount Cluster EBSA, Mallory 
Escarpment and Trough EBSA, and the Shackleton Seamount Cluster 
EBSA had a lower species richness. These regions are all located off the 
shelf edge. The results could be related either to sampling bias (scarcity 
of data due to less people recording observations in the area) in data 
collection (Supplementary Fig. S2), or the regions could be less suitable 
habitats for cetaceans, possibly due to food availability. The MPAs in 
this region were promulgated to protect the critical habitat of seabirds, 
turtles and mako sharks (SANBI & Department of Environmental Affairs, 
2019). 
4.2. Individual and cumulative anthropogenic trends 
Our results show that the largest threat to cetaceans in the South 
African EEZ is shipping, which has known direct and indirect impacts 
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(Redfern et al., 2013; Williams et al., 2015; Erbe et al., 2019). Direct 
impacts include ship strikes (Erbe et al., 2019), while indirect impacts 
include acoustic and chemical pollution that can cause behavioural 
changes (Pirotta et al., 2019). With Operation Phakisa, underway 
shipping is likely to increase as the Marine Transport and Manufacturing 
Lab of Operation Phakisa has indicated that South Africa has the po-
tential to increase marine manufacturing and to create a national reg-
istry for local ownership of commercial shipping (The Government of 
South Africa, 2015). The south coast and parts of the east coast have the 
highest density of shipping in the EEZ with the Agulhas Muds MPA, 
Algoa to Amathole EBSA, Delagoa and the Agulhas ecoregions exhibit-
ing trends with the highest increase. 
Cetacean species richness is high along the south coast and relatively 
high along parts of the east coast. These areas are also important 
migration routes for humpback whales, with parts of the south coast 
providing important seasonal breeding areas for southern right whales. 
Areas such as these, with high numbers of cetaceans or species richness 
at certain times of the year, need to be managed appropriately to prevent 
ship strikes and increasing levels of stress in calving mothers due to 
acoustic pollution (Purdon, 2018). In Canada and the USA, half the 
deaths of the Critically Endangered northern right whale, Eubalaena 
glacialis, have been attributed to ship strikes (Pirotta et al., 2019), while 
acoustic pollution has been shown to increase stress levels substantially 
(Erbe et al., 2019). South Africa’s humpback whale and southern right 
whale populations are recovering since the end of the whaling era (e.g. 
Brandão et al., 2011; Findlay et al., 2011), however, shipping and other 
impacts which could affect their population growth rates need to be 
managed appropriately. The south coast is home to two allopatric forms 
of Bryde’s whale, the inshore and offshore form, which are genetically 
distinct (Penry et al., 2018). The inshore population, which is resident 
all year along the south coast, would be more susceptible to shipping 
effects. 
The next largest threat to South Africa’s EEZ were the climate change 
stressors: ocean acidification, SST and sea level rise. Climate change 
affects the ocean in several ways, ultimately leading to a loss of marine 
biodiversity and ecosystem functioning (Díaz et al., 2019; Sousa et al., 
2019). In terms of cetaceans, climate change can alter their distribution, 
seasonal migrations, breeding biology, prey availability and behaviour 
(Simmonds and Isaac, 2007; Sousa et al., 2019). The high diversity of 
cetaceans in South Africa is attributed to the warm Agulhas Current and 
cold Benguela Current providing diverse and suitable habitat for both 
cold and warm water species (Findlay et al., 1992; Best, 2007). Our 
results indicate that SST rose in some areas of the EEZ, and with climate 
change, this dynamic is likely to change, altering the distribution of 
cetaceans in this region. This is especially true for species that are mainly 
restricted due to temperature (Simmonds and Isaac, 2007), such as 
Heaviside’s dolphins, dusky dolphins and southern right whales. These 
species prefer waters with SSTs less than 17 ◦C (Purdon et al., 2020), 
whilst in South Africa southern right whales calve in waters that are less 
than 20 ◦C (Purdon et al., unpublished). Both ocean acidification and sea 
level rise increased throughout the EEZ with the highest trends along the 
south and west coast. Ocean acidification could affect squid stocks 
which are a primary food source for deep diving odontocetes for 
example Globicephala species, sperm whales, Kogia species and beaked 
whales (Simmonds and Isaac, 2007). Coral, some phytoplankton and 
zooplankton, may also be affected, having knock-on effects on top ma-
rine predators (Simmonds and Isaac, 2007). Sea level rise may affect 
coastal areas such as lagoons, estuaries and bays by increasing chemical 
pollution in the ocean, which will result in habitat degradation (Sim-
monds and Isaac, 2007). 
The findings suggest that the analysis of land based pollution and 
fisheries show mixed results in this study, with trends decreasing in 
some areas while increasing in others (Fig. 6). Land based pollution will 
affect the species whose habitats are coastal, such as the endangered 
Indo-Pacific humpback dolphin (Vermeulen et al., 2018) and the 
Indo-Pacific bottlenose dolphin. South Africa’s population of the 
Indo-Pacific humpback dolphin stands at around 500 individuals (Ver-
meulen et al., 2018). Therefore, reducing the impacts of land based 
pollution on these species is critical (Vermeulen et al., 2018). The 
highest risk to the Indo-Pacific humpback dolphin (Vermeulen et al., 
2018) and the Indo-Pacific bottlenose dolphin is entanglement through 
bather protection shark nets associated with ecotourism, which results 
in accidental mortalities of cetacean species (e.g., Keith et al., 2002; 
Atkins et al., 2013; Van Bressem et al., 2020). Fishing may also have a 
large impact from by-catch and entanglement on the Indo-Pacific 
humpback dolphin and other species (Hoyt, 2012b). By-catch, which 
has resulted in approximately 300,000 cetacean deaths a year world-
wide (Hoyt, 2012b), is not only related to the type of fishing gear used. 
According to Peltier et al. (2020), by-catch is also related to the type of 
fish targeted and fishing gear that is vertically high and open. Death of 
cetaceans which are long lived can have lasting effects on their popu-
lation, ultimately impacting ecosystem functioning (Peltier et al., 2020). 
Overall, in the South African EEZ, cumulative impact trends showed 
an increase in anthropogenic impacts. There are few areas where the 
trends are decreasing but in time, with the recent establishment of the 
new MPA network, the development of relevant mitigation and regu-
lation of a variety of threats, the cumulative impact trends could 
continue to decrease. However, for this to succeed, appropriate man-
agement and policing of MPAs need to be carried out. Also, the limita-
tions of this kind of study need to be considered before any information 
is used to inform marine spatial planners, conservationists and policy 
makers. 
4.3. Limitations, management implications, and recommendations 
A limitation of this study is that many of the MPAs were implemented 
after 2013. The data used in this study covers only the period between 
2003 and 2013. Therefore, capturing the depth of functionality of these 
new MPAs and how they operate in terms of restricting anthropogenic 
activities is limited to the prior years. This study does, however, provide 
a baseline of what impacts these areas were facing before they were 
declared as MPAs. This may explain why some of the MPAs had rela-
tively high increasing impact trends for fishing by-catch, including some 
of the no-take zones. Despite this, there were some increasing impact 
trends for fisheries by-catch in some of the established no-take MPAs like 
the Helderberg restricted MPA. This is of concern and could be related to 
edge effects of fisheries around the MPA or the way Halpern et al. (2019) 
calculated the fisheries data. The Halpern et al. (2019) supplementary 
material states that for coastal areas (of which the Helderberg MPA is 
one) there were raster cells without data. These data were subsequently 
estimated using the mean of the surrounding cells, which could impact 
coastal MPA results. In future, further research should include the in-
dividual and cumulative anthropogenic trends of the newly imple-
mented MPAs from 2019 onwards with a comparison of the 2003 to 
2013 period. Overall, a similar comparison for the entire EEZ would be 
beneficial to the observation of the trends, and to assessing whether the 
MPA network is making a suitable contribution to the protection of 
marine fauna in South Africa. 
Another major limitation of this study is that not all anthropogenic 
impacts were considered. According to Halpern et al. (2019), for 
anthropogenic impacts such as oil spills, plastic pollution, acoustic 
pollution, seabed resource extraction, aquaculture, oil and gas explo-
ration and extraction there were insufficient data to add to their study. 
In South Africa, activities such as eco-tourism may also negatively 
impact cetaceans. As a result of Operation Phakisa, activities such as 
these will increase as the government attempts to raise economic gain, 
job security and resource use to alleviate poverty (van Wyk, 2015; 
Findlay, 2018). When enough data are available, the effects of these 
anthropogenic impacts should be investigated as the cumulative extent 
of their impacts is relatively unknown, especially on cetaceans. 
Despite these limitations, our results provide useful baseline infor-
mation to marine spatial planners and conservationists in South Africa. 
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For example, in this study, the no-take MPA zones do not have a higher 
species richness when compared to the controlled zones. This indicates 
that no-take zones for cetaceans are not as important as they are for 
other taxa such as fish (Sala and Giakoumi, 2018), suggesting that other 
methods of protection for cetaceans (such as altering shipping lanes, 
reducing shipping speeds or reducing by-catch) are required. 
MPAs play an important role in preserving marine biodiversity, but 
for long-lived, dynamic and highly mobile top predators like cetaceans, 
there are uncertainties surrounding their effectiveness (Lascelles et al., 
2014; Williams et al., 2014). MPAs are often designed for the protection 
of one species (Agardy et al., 2011), and this was true for South Africa’s 
established MPA network. The seasonal Walker Bay MPA was the only 
one promulgated to protect the southern right whales during their 
breeding season (RSA, 2001). Given the longevity of the species and 
slow breeding rate, this MPA’s efficacy may be inadequate because 
southern right whales travel long distances in unprotected oceans to 
access food (Best, 2007), however, it does provide protection to the 
species during calving season when they are particularly vulnerable to 
disturbance. The recently approved MPAs were designed to incorporate 
a more holistic approach to managing the South African marine envi-
ronment sustainably by incorporating 46 of the 54 habitat types, 
therefore, protecting many more species habitats (Sink, 2016). 
For cetaceans, EBM could provide a more workable approach to 
protection in the future. An EBM approach relies on MPAs being 
representative and covering all habitat types and ecoregions (Halpern 
et al., 2010). More importantly, ecoregions that are heavily impacted 
require a larger percentage coverage of no-take MPAs (Halpern et al., 
2010). For example, Halpern et al. (2010) found that in ecoregions 
where fishing impact was low, an increase in no-take MPAs did not 
significantly alter the ocean health. In ecoregions where fishing impact 
was high, an increase in the percentage coverage of no-take zones 
significantly increased ocean health. In South Africa, with the newly 
added MPAs, there is more coverage of the ecoregions, and this could be 
improved further through the addition of more no-take zones in areas 
where anthropogenic impacts are high. The delineation of EBSAS and 
IMMAs, through continued research and informed decision making, will 
help in the identification of new MPAs, ensuring an EBM approach 
(Corrigan et al., 2014). To ensure adequate cetacean protection in the 
South African mainland EEZ, IMMAs will aid in identifying critical 
habitats for vulnerable species. 
5. Conclusion 
This study provides baseline information on the individual and cu-
mulative anthropogenic trends that are negatively impacting the South 
African mainland EEZ. The anthropogenic impact trend that increased 
the most in the EEZ was shipping. This is cause for concern when looking 
at the long term population richness and survival of cetaceans in South 
Africa. The documented negative effects of shipping on cetaceans are 
significant, and ultimately these need to be investigated in more depth to 
determine best management options. Climate change trends are also 
increasing and are currently more difficult to mitigate. MPAs can help 
protect species against the effects of fishing, shipping and any other 
physical impacts if policed and managed appropriately, but climate 
change and land-based pollution are more difficult as they require 
changes in consumer behaviour. MPAs, however, do increase ecosystem 
resilience enabling those areas to recover faster and to be more resilient 
to changes. Although MPAs, especially no-take zones, provide benefits 
to many marine species, an ecosystems-based approach is more appli-
cable to cetacean protection. South Africa boasts a high diversity of 
marine life with cetacean species richness highest along the west and 
south coast of South Africa. To maintain ecosystem functioning and 
resilience, protection of these large top predators is important. This 
study identifies the areas that need to be researched in depth, and also 
the factors that need to be researched that affect cetacean populations in 
the long term. This information will provide marine spatial planners and 
conservationists with baseline information for informed management to 
better protect cetaceans in the South African EEZ. 
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